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1.  BACKGROUND 


A  pulse  lOrming  network  provides  a  way  of  delivering  a  desired  amount  of  stored  electrical 
energy  to  a  given  load  with  a  prescribed  pulse  shape.  Networks  that  store  energy  in  the  form 
of  an  electrostatic  fieid  are  voltage-fed  networks,  and  they  consist  mainly  of  high  energy 
capacitors  that  are  rated  for  several  kilovolts.  The  stored  energy  is  directly  related  to  the  total 
capacitance  of  the  circuit  and  the  square  of  the  initial  voltage  placed  on  that  capacitance.  A 
second  type  of  network  encompasses  energy  in  a  magnetic  fieid  by  running  electric  current 
through  large  inductors.  Here,  the  stored  energy  is  reiated  to  the  total  inductance  and  the 
square  of  the  current  through  the  inductance,  and  it  is  called  a  current-fed  network.  Two 
advantages  of  a  voltage-fed  network  are  that  the  energy  can  be  stored  with  small  losses  for  a 
long  period  of  time  and  the  energy  can  be  delivered  to  the  circuit  by  operating  a  closing  switch 
such  as  an  ignitron  or  thyratron.  For  these  reasons,  the  voltage-fed  network  has  become  a 
very  common  type  of  PFN  (Glasoe  and  Lebacqz  1948).  The  PFN  (see  Figure  1)  that  is  used 
to  support  electrothermal  gun  experimentation  at  the  U.S.  Army  Ballistic  Research  Laboratory 
(BRL),  Aberdeen  Proving  Ground.  MD,  is  initially  a  voltage-fed  network  with  a  maximum 
energy  storage  capability  of  130  kj.  When  the  diodes  are  conducting,  the  PFN  becomes  a 
current-fed  network.  It  consists  of  five  independently  triggered,  parallel  modules,  each  of 
which  contributes  to  the  composite  pulse  that  is  delivered  to  the  load.  Clamping  diodes  are 
used  in  the  circuit  to  protect  the  energy  storage  capacitors  from  voltage  reversals.  The  initial 
quarter  period  of  a  module  is  the  time  required  to  reach  the  peak  output  power,  and  it  is 
approximately  given  by  the  following: 


ti/4=  W(L*C)’^.  (1) 

The  values  of  L  and  C  are,  respectively,  the  total  inductance  and  capacitance  of  a  module. 

R  is  the  resistance  of  the  load.  The  impedance  of  each  module  is  roughly  given  by  the 
following; 


Z  =  (2) 

The  resultant  current  pulse  is  primarily  dependent  upon  the  values  of  L,  C,  the  load 
resistance,  and  the  closing  time  of  each  switch.  The  PFN  was  designed  to  provide  a  wide 
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flexibility  in  pulse  shape  over  a  1  -ms  period.  This  was  accomplished  by  staging  four  modules 
at  nominally  250-ps  intervals.  A  fifth  module  was  added  later  to  initiate  the  capillary 
discharge.  The  analytical  solution  for  each  module  current,  assuming  an  underdamped 
network,  was  used  to  estimate  circuit  elements  needed  to  achieve  a  desired  load  current-ramp 
waveshape.  A  typical  current  profile  showing  the  individual  module  currents  along  with  the 
total  load  current  is  given  in  Figure  2.  In  this  case,  the  switches  closed  sequentially  at  times 
zero,  280  ps,  370  ps,  597  ps.  and  741  ps.  The  modularity  of  the  power  supply  allows  for 
uncertainties  in  the  capillary  design.  The  power  supply  design  process  will  not  be  presented 
here. 

2.  PROCEDURE 

A  general  circuit  analysis  program.  Micro-CAP,  has  recently  been  used  to  model  the  PFN 
discharge  into  a  constant  value  load.  It  predicts  the  current,  voltage,  power,  and  energy 
waveforms  of  the  discharging  PFN.  Simulations  obtained  using  the  software  were  compared 
to  experimentally  measured  power  and  energy  delivered  to  the  load  as  a  result  of  the  PFN 
discharge. 

In  this  first  series  of  firings,  a  fixed  resistance  of  35  milliohms  served  as  the  load.  The 
result  of  a  particular  discharge  with  the  PFN  initial  energy  at  13  kJ  is  shown  in  Figures  3  and 
4.  The  experimental  record  of  load  power  along  with  the  corresponding  simulation  is  shown  in 
Figure  3,  and  the  total  energy  delivered  to  the  load  is  given  in  Figure  4.  In  the  cun/es  of 
Figure  3,  five  individual  pulses,  each  the  contribution  of  an  individual  LC  module,  can  be 
identified.  In  this  shot,  the  ignitron  switches  closed  at  the  times  as  shown  in  Figure  2.  The 
computed  values  of  the  quarter  periods  of  the  modules  from  Powell  and  Zielinski 
(unpublished)  are  122  ps,  169  ps.  210  ps.  140  ps,  and  130  ps  for  modules  1  through  5, 
respectively.  If  the  quarter  period  time  is  added  to  the  time  at  which  each  switch  is  closed, 
the  result  should  yield  approximately  the  time  at  which  the  pulse  comes  to  a  peak.  The  peaks 
of  both  the  experiment  and  simulation  are  in  reasonable  agreement.  To  help  in  comparing  the 
simulation  to  the  experiment,  tables  of  the  power  peaks  and  the  times  at  which  they  occur  are 
given  in  Tables  1  and  2. 


*Micro-CAP  is  an  electronic  circuit  analysis  program  created  by  Spectrum  Software,  1021  S.  Wolfe  Road,  Sunnyvale, 
CA. 
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Table  1.  Power  Peaks  for  Firing  #1 


Experiment 

Simulation 

6.3  MW 

6.1  MW 

2.8 

3.1 

7.5 

7.9 

16.6 

12.9 

33.1 

32.1 

Table  2.  Time  to  Power  Peaks  for  Firing  #1 


Experiment 

Simulation 

100  ps 

110  ^s 

360 

368 

560 

482 

700 

707 

825 

827 

The  results  of  a  second  firing  that  had  an  initial  energy  of  1 .4  kj  and  a  different  pulse 
shape  than  that  of  the  first  are  given  in  Tables  3  and  4.  The  close  agreement  between 
experiment  and  simulation  for  these  tests  proved  that  the  nonlinearities  of  circuit  elements 
such  as  ignitrons  were  small;  therefore,  these  elements  can  be  represented  by  lumped 
parameters  and  produce,  in  most  cases,  discrepancies  on  the  order  of  2%  or  less. 


Table  3.  Power  Peaks  for  Firing  #2 


Experiment 

Simulation 

0.70  MW 

0.70  MW 

0.28 

0.35 

0.74 

0.85 

1.7 

1.4 

2.7 

2.8 
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Table  4.  Time  to  Power  Peaks  for  Firing  #2 


Experiment 

Simulation 

92  ps 

110  ps 

337 

370 

551 

482 

679 

707 

922 

923 

In  succeeding  firings,  the  fixed  load  was  replaced  by  an  electrothermal  gun  capillary 
chamber  shown  in  Figure  5.  The  capillary  chamber  contains  a  fuse,  having  a  width  of  6  mm 
and  thickness  of  0.5  mm.  passing  longitudinally  through  a  polyethylene  tube,  and  connecting 
the  high  potential  side  of  the  PFN  to  ground.  During  a  typical  discharge  of  the  PFN  into  the 
chamber,  the  fuse  is  vaporized  by  the  electrical  energy  that  passes  through  it,  thereby  forming 
a  plasma  inside  the  polyethylene  tube.  The  main  goal  during  this  series  of  firings  was  to 
obtain  voltage  and  current  measurements  of  the  capillary  plasma  so  that  an  experimental 
resistance  could  be  calculated.  It  is  of  interest  to  determine  resistances  of  plasmas  generated 
from  capillaries  with  various  energies  and  chamber  configurations,  since  the  plasma  is  serving 
as  the  load  for  the  PFN.  The  load  resistance  is  critical  in  determining  the  energy  transfer 
efficiency.  When  the  characteristic  impedance  of  the  PFN  is  matched  to  the  load,  a  maximum 
power  transfer  will  occui  during  the  discharge,  and  current  that  flows  through  the  load  will 
damp  rapidly.  On  the  other  hand,  with  the  load  resistance  much  less  than  the  PFN,  current 
through  the  load  will  be  greater  in  magnitude,  and  it  will  take  longer  to  damp.  As  a  result, 
diodes  must  tolerate  larger  currents. 

Current  rate  (di/dt)  measurements  were  made  with  a  Rogowski  coil,  and  voltage 
measurements  were  made  with  a  resistive  string  which  is  connected  in  parallel  with  the  load 
and  passes  through  a  Pearson  current  transformer  (model  110).  All  the  measuring  circuits 
utilized  an  inductive  link  providing  a  high  degree  of  electrical  isolation  between  the  PFN  and 
the  data  acquisition  circuits.  A  mutual  inductance  of  0.3  pH  was  measured  between  the  leads 
of  the  voltage  measuring  circuit  and  the  main  circuit,  which  was  taken  into  account  when 
resistance  curves  were  calculated.  The  accuracy  of  the  resistance  measuring  circuit  is 
estimated  to  be  5%. 


‘This  valus  is  bassd  on  an  avaraga  sansitivity  obtainad  from  fasts  whara  tha  position  of  tha  conductor,  with  raspact  to 
tha  Rogowski  axis,  is  variad  and  tha  conductor  is  normal  to  tha  plana  of  tha  coil  to  within  10**. 
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Timing  of  the  PFN  for  all  succeeding  experiments  was  adjusted  to  switch  the  final  four 
modules  100  ^s  earlier— at  180  ^is.  270  pa,  497  jis,  and  641  ps.  respectively.  Resistances  of 
three  such  firings  are  shown  in  Figure  6.  (In  all  three  firings,  the  prepulser  bank  had 
approximately  the  same  stored  energy.)  A  plot  of  resistance  against  current  for  one  of  these 
tests  (see  Figure  7)  indicates  that  resistance  is  a  strong  function  of  current,  but  more 
importantly,  it  shows  resistance  to  be  a  double-valued  function  of  current.  At  a  given  current, 
the  lower  resistance  curve  applies  when  the  current  is  increasing,  and  the  higher  curve 
applies  when  the  current  is  decreasing  (see  Figure  2). 

In  another  configuration,  the  capillary  diameter  was  increased  to  12.3  mm,  and  the  length 
of  the  capillary  was  held  at  52.75  mm.  The  resistance  values  are  plotted  in  Figure  8.  In  this 
case,  the  resistances  dropped  from  that  in  Figure  7  by  roughly  the  ratio  of  the  square  of  the 
capillary  diameters.  For  a  third  configuration,  the  length  of  the  capillary  was  increased  by  a 
factor  of  1 .84  to  97.2  mm,  and  its  diameter  was  unchanged.  The  resistance  is  shown  in 
Figure  9,  along  with  the  previous  curve  multiplied  by  1.84.  In  comparison,  the  curves  are 
similar  in  the  lowest  values  achieved,  thus  illustrating  the  nearly  linear  dependence  of 
resistance  upon  length  in  the  range  of  this  experiment. 

The  data  in  Table  5  compares  experimental  to  theoretical  values  of  resistance  for  a  given 
amount  of  current  The  experimental  data  points  were  taken  from  the  resistance  curve  shown 
in  Figure  8.  The  theoretical  data  is  the  result  of  a  one-dimensional,  steady-state  computer 
model  of  plasma  arcs  (Powell  and  Zielinski,  unpublished). 


Table  5.  Experimental  and  Theoretical  Plasma  Resistances 


1  (Peak) 

R  (Experimental) 

R  (Theoretical) 

8.2  kA 

84  milliohms 

63  milliohms 

5.3 

130 

89 

18.3 

47 

36 

28.4 

32 

28 

47.6 

21 

20 
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Several  times  during  the  experiment,  tne  clamping  diodes  of  various  modules  were 
destroyed.  These  diodes  (e.g.,  Figure  10a),  which  shunt  the  capacitor-ignitron  leg  of  the 
circuit,  characteristically  conduct  in  only  one  direction — ^that  defined  when  a  positive  voltage  V 
is  applied  to  the  terminal  marked  And,  except  for  a  negligible  drop  in  the  ignitron,  the 
voltage  applied  to  the  diode  is  just  equal  to  the  capacitor  voltage.  Consequently,  when  the 
charge  on  the  capacitor  swings  to  a  negative  value,  the  diode  begins  to  conduct,  thus  limiting 
any  further  charging  of  the  capacitor.  This  is  equivalent  to  placing  a  massive  conductor  (e.g., 
a  "crowbar")  across  the  capacitor-ignitron  leg  that  "clamps"  the  voltage  at  zero.  Crowbar 
diodes  are  needed  to  prevent  damage  to  capacitors  caused  by  reverse  polarity  swings.  (Note 
in  Figure  11a  that  the  zero-charge,  polarity  reversal  condition  is  nearly  coincident  with  the  time 
of  peak  of  the  current  initiated  by  ignitron  turn-on.) 

Diode  failure  is  usually  a  consequence  of  application  of  excessive  reverse  voltage, 
excessive  forward  current,  a  large  turn-on  di/dt,  or  a  high  reverse  dv/dt  across  a  conducting 
diode  (Jamison,  Steams,  and  Fendley  1990).  The  first  three  points  were  considered  in  the 
design  and  operation  of  the  PFN,  but  the  fourth  was  less  well  understood.  Analysis  to 
disclose  the  cause  of  failure  was  concentrated  on  the  new  circuit  (Figure  10b)  existing  after 
commencement  of  diode  conduction.  Here,  energy  stored  in  the  Inductor  is  now  the  only 
source  sustaining  current  in  the  loop.  We  look  at  the  performance  of  this  loop,  first  alone  and 
then  as  perturbed  by  the  later  discharge  of  a  second  bank  into  the  load.  If  the  diode- 
inductor-load  loop  alone  is  subjected  to  Kirchoffs  requirement  that  the  sum  of  voltages 
measured  around  any  circuit  be  zero,  we  expect  to  find  that  the  voltage,  L  di/dt,  developed 
across  the  series  inductor  is  negative  (the  Kirchoff  convention  for  a  source)  and  is  equal  In 
magnitude  to  the  voltage,  IRl.  developed  In  the  load  (Figure  11a).  This  constrains  di/dt  to  be 
negative — which  is  to  say,  the  current  and  consequently  iR,^  are  decreasing.  The  rate  of 
change  of  current  is  thus  proportional  to  the  current  so  that  the  decay  is  exponential — the 
current  approaches  a  zero  value  asymptotically. 

A  new  posture  is  created  (Figure  1 1b)  when  a  second  module  is  fired  into  the  load;  the 
fresh  source  of  energy  drives  added  current  to  increase  and  maintain  the  voltage  across  the 


'This  reasoning  is  the  same  whether  applied  to  negative  or  positive  capacitor  charge  if  diode  polarity  is  adjusted 
accordingly.  In  the  actual  PFN,  negative  capacitor  charging  was  most  convenient  but,  in  discussion,  positive  charging 
was  more  natural. 
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load.  This,  in  consonance  with  Kirchoff’s  demand  that  inductor  and  load  voltages  sum  to  zero, 
dictates  that  the  magnitude  of  negative  voltage  across  the  first  loop’s  series  inductor  increases 
and  persists.  For  simplicity,  assume  that  the  load  voltage  is  maintained  constant — now  the 
opposing  L  di/dt  will  become  constant  and  somewhat  increased  in  magnitude.  The  current  is 
thus  decreasing  lineariy  and  at  a  sharper  slope,  going  steadily  to  zero  and  on  into  the 
negative  (reversed  flow)  regime.  The  diode,  still  with  an  internal  supply  of  current  carriers, 
conducts  the  reversed  flow  briefly  until  the  carrier  supply  is  exhausted  and  then  abruptly  cuts 
off,  producing  a  large  positive  di/dt.  The  inductor  responds  by  generating  a  positive  L  di/dt 
voitage  in  series  with,  and  now  aiding,  the  load  voltage;  the  Kirchoff  voltage  equal  and 
opposite  to  their  sum  is  found  across  the  diode’s  high  resistance  just  as  conduction  is 
ceasing,  which  is  a  condition  (Jamison  and  Stearns  1 990)  for  the  diode’s  destruction.  This 
discussion  assumes  that  the  crowbar,  in  taking  on  total  conduction,  promoted  complete 
extinction  of  the  ignitron.  Thus,  iater,  when  the  storage  capacitor  might  have  buffered  the 
destructive  voitage  surges  applied  to  the  diodes,  it  stands  disconnected  from  the  circuit  (see 
Figure  10b). 

If  ignitron  conduction  losses  can  be  tolerated  over  the  full  duration  of  the  discharge  cycle, 
the  diodes  may  be  connected  directly  across  the  capacitor  bank  and  the  ignitron  switch 
relocated  between  the  diode  leg  and  the  series  inductor  (Figure  12).  In  this  new  configuration, 
the  storage  capacitors  remain  connected  to  absorb  reverse  current  flow,  shunting  it  around  the 
diode;  the  only  limitation  to  this  shunting  is  the  smail  inductive  impedance  L^,  of  the 
diode-capacitor  circuitry  in  the  earliest  portion  of  a  transient.  Their  small  inductance 
unfortunately  works  with  the  large  capacitance  to  constitute  an  oscillatory  circuit  with 
extremely  low  characteristic  impedance.  Consequently,  at  the  time  when  crowbarring  is 
initiated,  even  the  very  smail  energy  stored  in  tiie  inductance  will  produce  relatively  large 
amplitude,  oscillatory  transients  (Figure  13)  tftat  may  damage  the  diode  first  by  turning  it  on 
with  a  di/dt  that  exceeds  the  diode  rating  of  200  A/ps.  Second,  if  the  load  current  is  very 
rapidly  damped  (e.g.,  by  rising  load  resistance),  the  negative  going  peaks  of  the  rapidly 
oscillating  capacitor  current  may  drive  the  diode  (whose  current  is  a  superposition  of  the 
capacitor  circuit  and  the  load  circuit  currents)  to  cutoff,  simultaneously  producing  a  destructive 
reverse-voltage  rise.  To  forestall  this,  added  inductance  L„  and  a  few  milliohm,  series 
resistance  R,,  may  be  inserted  in  a  capacitor  lead  (Figure  12);  the  resistance  needed  for  near 
critical  damping  will  be  small  and  should  absorb  little  main  discharge  energy  during  the 
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quarter  cycle  preceding  crowbarring.  Also,  the  inductance,  whose  nature  is  to  sustain  the 
current  tending  to  charge  the  capacitor  negatively,  will  slow  the  transfer  of  current  to  the 
diode,  thus  limiting  its  turn-on  di/dt. 

3.  CONCLUSIONS 

Nonlinearities  in  the  PFN  elements  have  been  shown  to  be  negligible  by  the  agreement 
between  experimental  and  simulation  data.  Simulations  were  necessary  throughout  the 
experiment  for  comparison  purposes  and  for  diagnostics  when  irregularities  in  the  circuit 
occurred. 

Our  capillary  chamber  firing  data  indicate  a  strong  dependence  of  plasma  resistance  upon 
magnitude  of  current.  The  data  in  Figures  6,  7,  and  9  show  that  the  resistance  of  a  plasma  is 
approximately  an  inverse  function  of  the  cross-sectional  area  of  the  capillary  chamber  and  that 
there  is  a  linear  relationship  between  the  plasma  resistance  and  the  capillary  length.  In  a 
given  shot,  the  resistance  of  a  plasma  is  a  double-valued  function  of  current  with  its  value 
depending  upon  a  positive-  or  negative-going  ‘Current. 

Finally,  when  sequential  discharges  to  a  common  load  are  used  and  closing  switch  losses 
can  be  tolerated,  clamping  diodes  of  the  PFN  should  be  placed  directly  in  parallel  with 
capacitors  to  avoid  voltage  transients.  In  addition,  resistance  should  be  added  in  the 
capacitor-diode  circuit  loop  to  damp  unwanted  current  oscillations. 
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Figure  3.  Power  Profiles  of  13-kJ  Discharge  to  a  35-Milliohm  Load. 


Figure  4.  Energy  Profiles  of  13-kJ  Discharge  to  a  35-Milliohm  Load. 
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SUHO 


Figure  5.  Diagram  of  Electrothermal-Gun  Capillarv  Chamber. 


5.SKJ  initial  enersy  (solid  lino) 
14XJ  initial  enopiry  (dottsd  line) 


Figure  6.  Resistance  Curves  of  a  Capillary  With  Length  =  52.75  mm  and  Diameter  = 


RESISTANCE  (OHMS) 


Figure  7.  Resistance  vs.  Current  of  the  22-kJ  Test  in  Figure  6. 
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Figure  9.  Resistance  With  Length  =  97.2  mm  and  Diameter  =  1 2.3  mm  Compared  to  Scaleci 
Figure  8. 
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Figure  10.  Two  Module  PFN  With  Second  Module  Triggered  at  250  us.  Circuit  With  a  Diode 
Shunting  Capacitor  and  Switch  (a)  and  the  Same  Circuit  With  the  kinitron 
Extinguished  (b1. 
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Figure  1 1 .  Theoretical  Plots  of  Inductor  Voltage  Load  Voltage  (IR, ).  and  Diode  Current 
for  the  Circuit  of  Figure  10a  Without  a  Second  Module  (a)  and  With  a  Second 
Module  (b). 
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Figure  13.  Measurement  of  Diode  Current  in  Circuits  With  Two  Degrees  of  Damping. 
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